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Introduction
The importance of solute exchange across the sediment-
water interface has become increasingly recognized during
recent years (Sayles 1981; Jørgensen and Boudreau 2001; Ham-
mond et al 2004), as it influences the water column concen-
trations and speciation of several elements (Aller 1980). Fur-
thermore, benthic exchange rates give information about the
diagenetic reactions occurring in the sediments (Berner 1980).
Solute transport across the sediment-water interface is mainly
affected by biological and chemical processes within the sedi-
ments (Jørgensen and Boudreau 2001), as well as by the
hydrodynamic conditions near the bottom (Boudreau and
Guinasso 1982).
Different methods have been used to study benthic fluxes
(for a recent review, see Viollier et al. 2003). Diffusive fluxes
can be indirectly calculated from the concentration gradients
measured in sediment porewater (Aller 1980; Sayles 1981;
Reimers et al. 1986). An alternative approach is the direct mea-
surement of benthic fluxes from the concentration evolution
in an enclosed water volume in contact with the sediment, in
core or benthic chamber incubations (Pamatmat and Banse
1969; Rowe et al. 1975; Hammond et al. 2004; Ferguson et al.
2007). Among these techniques, the benthic chambers offer
several advantages. Apart from avoiding sediment manipula-
tion, the sediment surface covered by the chamber can be rel-
atively large and, therefore, it can take into account the vari-
ability caused by fine-scale sediment heterogeneity, as well as
the contribution of benthic fauna. In fact, the presence of
meio- and macrobenthos in natural environments can signif-
icantly enhance sediment-water exchange by bioturbation
and bioirrigation (Aller and Aller 1986; Forja and Gómez-Parra
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1998; Glud et al. 2003). To correctly represent the faunal activ-
ity when measuring benthic fluxes, measurements should
preferably be made in situ and with relatively large benthic
chambers (Glud and Blackburn 2002).
When using benthic chambers, the sediment is isolated
from the influence of natural hydrodynamics. A major con-
sideration in the use of benthic chambers is, therefore, the
stirring of the water phase (Boynton et al. 1981; Hartman and
Hammond 1984). Most chambers are equipped with a stirring
mechanism (e.g., pumps, paddles, magnetic stirring bars) to
simulate natural hydrodynamic conditions and avoid stratifi-
cation of the incubated water. The water flow near the bottom
affects the bottom stress and thus the thickness of the diffu-
sive boundary layer (DBL) (Jørgensen and Des Marais 1990;
Glud et al. 2003, 2007). The DBL represents a thin viscous film
of water at the sediment-water interface where molecular dif-
fusion becomes the principal mechanism for mass transport
(Santschi et al. 1983; Boudreau and Jørgensen 2001). In some
cases, the DBL can act as an important diffusion barrier and
limit the exchange of solutes across the sediment-water inter-
face (Boudreau and Guinasso 1982; Jørgensen and Revsbech
1985; Archer et al. 1989; Jørgensen and Des Marais 1990 Jør-
gensen and Boudreau 2001). In deep-sea sediments with low
biogeochemical activity, the DBL resistance to exchange rates
can often be neglected. However, in active coastal sediments,
the hydrodynamic conditions and DBL impedance can be
very significant (Jørgensen and Boudreau 2001).
In an attempt to characterize the hydrodynamics imposed
by the chambers and make sure that they do not affect in situ
flux measurements, DBL thicknesses inside stirred chambers
have previously been measured directly with microelectrodes
(e.g., Glud et al. 1995; Black et al. 2001) or calculated from
alabaster dissolution (Santschi et al. 1983; Buchholtz-ten
Brink et al. 1989; Tengberg et al. 2004). Chambers differing in
shape, size, and with variable styles of stirrers will have differ-
ent internal hydrodynamic conditions. A comprehensive
review and comparison of different autonomous benthic
chamber designs and modes of operation, as well as the dif-
ferent stirring devices used, can be found in Tengberg et al.
(1995) and Tengberg et al. (2005).
Benthic fluxes of inorganic carbon, nutrients, and oxygen
have previously been measured in situ in coastal waters of the
Iberian Peninsula by means of opaque Plexiglas stirred cham-
bers (Forja and Gómez-Parra 1998, Forja et al. 2004; Ortega et
al. 2005, 2008). These chambers, apart from requiring SCUBA
divers for their correct placement over the sea-bottom, had to
be physically connected to a vessel or a dock at the sea surface
so that sample collection could be triggered manually. This
issue considerably limited the potential sites where they could
be used. Moreover, they did not enable independent ship
motion as the ship had to stay on station attached to the
chambers. In this context, this work reports the development
and testing of a new autonomous stirred benthic chamber
designed for shallow coastal waters. The chamber is large to
obtain representative measures of benthic exchange, taking
into account sediment heterogeneity. The chamber is provided
with an innovative mechanism to verify that it has correctly
landed on the sea-bottom, which avoids the need of SCUBA
divers, and it uses a two-way communication system that
allows the user to control all the operational components dur-
ing incubations. The hydrodynamic properties of the chamber
were investigated at different stirring flow rates by measuring
the horizontal and vertical current velocities as well as the DBL
thicknesses inside the chamber.
Materials and procedures
Chamber description
Structure and components. A detailed diagram of the benthic
chamber is given in Fig. 1. The equipment is composed of a
stainless steel frame on which all the operational components
are mounted. The weight of the entire structure, including
batteries and ballast, is approximately 245 kg. In the center of
the structure, a 28-cm high cylindrical opaque PVC chamber
(1 cm wall thickness) covers 5030 cm2 of sea-bottom. The vol-
ume of the chamber is 140.8 ± 3.5 L. An 8-cm rim assures
proper insertion of the chamber into the sediment.
On top of the cylindrical structure, three PVC lids operate
by means of an external 12 V DC motor through nylon fishing
lines fitted on pulleys. During the landing process they remain
open to minimize disturbance of the sediment and to guaran-
tee that the enclosed water comes from water overlying the sea-
bottom and not from a mixture of the entire water column. A
tight seal between the openings and the lid is ensured by the
use of gaskets and stainless steel coil springs which provide
sealing pressure. Prior to field experiments, the chamber was
tested for leakage by placing it inside a large tank filled with
water and sediment and injecting a colored tracer (eosine) into
the chamber. No loss of tracer was visually observed.
Up to twelve 50 mL water sample syringes can be with-
drawn during deployment, with a multiple water sampler (KC
Denmark) located on top of the chamber (Fig. 1). The timing
of the samples is software controlled. The volume of sample
withdrawn, representing ~0.03% of the incubated water, is
compensated by using a latex sheath. When a sample is with-
drawn, it fills up with external water that remains isolated
from the incubated water, so that it avoids a pressure change
inside the chamber as well as the input of external water.
Inside the chamber, sensors for temperature (SBE-39), pH (SBE-
18), oxygen (SBE-43), and turbidity (Seapoint Turbidity Meter),
which were provided by Sea-Birds Electronics, Inc, give a continu-
ous recording of these variables during the incubation time. All
electronic components are housed inside watertight titanium
pressure-cases, which are fixed to the frame and interfaced
through 4- to 8-pin marine connectors. Power to operate the
chamber is derived from different sources. Two 12 V-7.2 Ah
rechargeable batteries power the sensors, the electronic equip-
ment, and the water sampler, while a rechargeable oil pressure
compensated battery (12 V-76 Ah) powers the stirring mechanism
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and the motor that opens and closes the lids, providing power for
approximately 12 h of autonomous operations.
Stirring mechanism. Water recirculation inside the chamber
is achieved using three submersible centrifugal pumps (Totton
DC 30/5), which are located outside the chamber, attached to
the frame, and connected to the chamber through silicone
tubing (3 mm wall thickness). The 12 V DC stepper-motors are
placed inside watertight housings, useable up to 100 m depth,
and magnetically coupled with the impeller. The three pumps
flush water from the upper part of the chamber wall and jet it
back into the chamber through adjustable inlet nozzles
located near the bottom (Fig. 1). The jet outflows and inflows
are placed every 120° apart, for an even current flow. The stir-
ring assembly is connected to power circuits that regulate the
output voltage applied to the pumps, so that current velocity
inside the chamber can be controlled. Five different output
voltages (up to 8 V) can be easily set at the power circuit box.
At maximum pumping rate the total consumption of the sys-
tem is below 6 A.
Deployment and landing verification assembly. During a typical
deployment, the benthic chamber is lowered from the ship by
a mooring line, stopping at a few meters above the seabed to
allow the sensors to stabilize. The lids remain open and the
stirring system is already working to avoid possible contami-
nation with water from upper layers. After several minutes,
the chamber is slowly lowered, minimizing sediment distur-
bance, until it reaches the bottom. The turbidity sensor is a
good indicator to check re-suspension effects from the landing
process. Once on the sea-bottom, the lids are closed and the
communication surface buoy, which is connected to the
chamber data logger by an electromechanical cable, is released
from the ship. The cable is always released in excess to over-
come changes in water column height due to waves and tides.
The estimated floatability of the communication buoy is ~ 20
times smaller than the in-water weight of the chamber (~ 200
kg). Occasionally, in sites with strong water currents or waves,
an auxiliary intermediate ballast may be released on the sea-
bottom, between the benthic chamber and the buoy, to pre-
vent the transmission of currents and wave motions from the
buoy to the chamber instrument.
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Fig. 1. Schematic side-view drawing of the benthic chamber equipment, including a zoomed view of the landing verification assembly. Expanded image
is not to scale. Material shown: sensors (1 of 4), water pumps (1 of 3), lids (1 of 3), outlet slotted tubes (2 of 3) and electronic cases (1 of 3). 
An innovative mechanism, based on reed switches, was
designed to verify proper landing of the chamber on the sea-
bottom (Fig. 1, upper right). When the chamber contacts the
sea-bottom and the rim sinks into the sediment, three
methacrylate bases, located at the bottom collar surrounding
the chamber, elevate three steel bars, making the reed switches
contact with a magnet. This contact is checked by applying an
electrical signal to the system. As these three devices are
placed 120° apart, it is assumed that a signal coming from the
three reeds indicates a correct horizontal landing of the cham-
ber and, therefore, that the chamber is level and rightside up.
A similar procedure using reed switches is applied to confirm
closure of the lids.
Data acquisition and communication. The whole system is
controlled by a CR10 × Campbell Scientific Data Logger. Two
different telemetry communication mechanisms have been
successfully tested:
(i) a two-way Global System for Mobile communications
(GSM) that enables data acquisition in real time, as well as
monitoring sample withdrawn, pump rates, batteries, and
confirmation mechanisms. The GSM communication system
is housed in a watertight case mounted on the communica-
tion buoy at sea surface, and is connected to an 8 db antenna
that assures good transmission coverage, and to the benthic
chamber data logger through a submersible electromechanical
cable. The main advantage of this system is not being distance
limited within phone coverage.
(ii) a 869 MHz radio frequency, two-way communication
system (SATELLINE-3AS, SATEL). The receiver is mounted on
the communication buoy at sea surface and the transmitter is
mounted on board, covering distances up to 4 km.
The software controlling all the operational components of
the chamber has been developed from Campbell’s commercial
scientific software. The computer interacts with the data log-
ger to verify the proper insertion of the chamber into the sed-
iment, to operate the lids, to set sample time collection and to
select the output voltage applied to the stirring system. The
software also displays the signals of the sensors as well as the
battery voltage in real time.
Water sample handling and analytical methods
Water samples for NH4
+ analysis, collected during the field
chamber incubations reported in this work, were filtered and
determined with a segmented flow Alpkem autoanalyzer
(±0.05 μmol kg–1). Water samples for N2O and CH4 analysis
were carefully drawn, immediately after they were recovered,
in 25 mL air-tight glass bottles. Samples were preserved with
saturated mercuric chloride, sealed with Apiezon grease, and
stored in the dark until analysis. Dissolved N2O and CH4 con-
centrations were determined with a gas chromatograph (Varian
CX 3600) provided with an Electron Capture Detector (ECD)
and a Flame Ionization Detector (FID). In-syringe head space
equilibration was used to extract the dissolved gases from the
water samples. The precision of the method, including the
equilibration step, expressed as the coefficient of variation
based on replicate analysis (n = 25) of a seawater sample satu-
rated with CH4 and N2O, was 4.8% and 6.6%, respectively. The
concentrations of the gases in the water samples were calcu-
lated from the concentrations measured in the head space,
using the functions for the Bunsen solubilities given by
Wiesenburg and Guinasso (1979) for CH4, and Weiss and Price
(1980) for N2O.
Assessment
Mixing time—A set of experiments were made to estimate
the mixing time of the stirred water inside the chamber and
the total volume of incubated water. The chamber was placed
inside a tank and incubated after injecting 50 mL of a 20 mM
nitrite solution. Immediately after the injection, twelve water
samples were withdrawn and analyzed for [NO2
–] (Grasshoff et
al. 1983). Once the NO2
– concentration remains constant with
time, it is assumed that complete mixing is achieved. Incuba-
tions were performed applying a range of voltages (4 V-8 V) to
the submersible pumps. In one of the experiments, water sam-
ples were withdrawn at different heights (3 cm, 15 cm, and 25
cm above seabottom) in the water column inside the chamber,
in order to test possible gradient formation.
Results showed that the nitrite injected inside the chamber
achieved a constant concentration 3-4 min after the injection
at the lower voltage (4 V, Fig. 2a,b), and this time was reduced
to 3 min and 1.5 min when the output voltage was increased
to 5 V and 8 V, respectively. Regarding the gradient formation,
the experiment with samples collected at different heights
showed that after 4 min, the nitrite concentration was the
same for the three depths (Fig. 2b). These results confirm that
water is homogenized in less than 4 min and that there is no
stratification inside the chamber, which means that the sam-
pled water is representative of the entire incubated water. The
mixing time for this chamber is within the range reported by
Tengberg et al. (2005) for 14 different designs of chambers,
which cover sediment surface areas between 78 and 12100
cm2. These authors measured a wide range of mixing times,
with values varying from less than 1 min to more than 60 min
(in most cases between 0.5 min and 8 min).
Hydrodynamics inside the chamber—The 3-D velocity field
inside the chamber was characterized by means of a NORTEK
Acoustic Doppler velocimeter. The experiments were carried out
in the same tank used for testing for leakage. Two different
mechanisms for the jet outflow were tested for their ability to
duplicate the hydrodynamic conditions and bottom DBL thick-
ness of the natural environment: (i) mechanism A, a 10 cm long
PVC tube ending in an elbow (2 cm of inner diameter) (Fig. 3a),
and (ii) mechanism B, a 23 cm long PVC tube (2 cm of inner
diameter) with a 1 cm wide slot and sealed at the end (Fig. 1, Fig.
3b). Both systems are hereinafter called elbow and slotted tube,
respectively. In the former, the water comes out the tube in a sin-
gle water jet, whereas in the latter, the water exits the tube and
forms a wider water stream throughout the slot. The outlets are
located 5 cm above the bottom and are horizontally oriented in
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the same direction, with a slight upward inclination.
Water velocities for testing mechanism A were measured
with a NORTEK Acoustic Doppler velocimeter provided with
three receiver arms (Vector 3D current meter), whereas when
testing mechanism B an improved velocimeter (Vectrino) was
used, which is comprised of four streamlined receiver arms and
a substantially smaller probe. The latter allowed broader veloc-
ity coverage inside the chamber due to its smaller dimensions.
The factory-calibrated instrument’s accuracy is ± 0.1 cm s–1.
The PVC chamber cover was replaced by a methacrylate top,
in which a 2 cm wide radial groove allowed the current meter
to be moved inside the chamber. Once the current meter was
fixed at the sampling point, the rest of the groove was sealed.
Sampling locations were distributed along 5 radials (A-E) at 20°
intervals (Fig. 3), covering a 100° section situated between the
inflows and outflows of two pumps. Therefore, results can be
inferred for the rest of the cylindrical chamber. Velocities were
measured in a horizontal layer at 5 cm above the sediment,
applying five different voltages to the stirring system. Vertical
velocity profiles were also measured at some locations, as
shown in Fig. 3b.
For the two stirring mechanisms, the horizontal velocity
measurements indicated that the flow is mainly tangential and
rather uniform along the circumference. The contour map of
the tangential velocity inside the chamber (5 cm from the bot-
tom), using the elbow system (Fig. 4a) reflects a high concentric
gradient of the horizontal velocity field. Measured horizontal
velocities ranged from 0.3 cm s–1 to 4.4 cm s–1 at 4 V and 0.7 cm
s–1 to 9.8 cm s–1 at 6 V. Higher velocity values were obtained
close to the chamber wall, as a result of the proximity to the
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Fig. 2. Time series evolution inside the chamber of nitrite concentration after injection applying three different voltages to the water pumps (a) and
sampling at three depths (output voltage : 4 V) (b). 
Fig. 3. Schematic drawings showing the location of (a) velocity measurements at 5 cm above the sediment using elbows as outlet system; (b) velocity
measurements at 5 cm above the sediment using slotted tubes as outlet system (solid circles represent the positions where vertical velocity profiles were
performed); (c) alabaster plate locations for the estimation of DBL thicknesses. Space between ticks is 10 cm. 
elbow water outlet. The module of horizontal velocity decreases
rapidly toward the center, so that the flow velocity is lower than
1 cm s–1 in approximately 25% of the total chamber area when
applying 6 V to the pumps. The area affected by this very low
horizontal velocity increases to up to 42% when applying 4 V
to the pumps.
The slotted tube system appears to be a more reliable stir-
ring mechanism. Table 1 presents the averaged tangential
velocities at each of the applied voltages. The vector velocity
distribution (Fig. 4b-4d) reveals that the flow inside the cham-
ber is characterized by a tangential and relatively uniform flow
in the horizontal layer. The result is a rotary flow generated
inside the chamber, with average tangential velocities between
2 cm s–1 and 5 cm s–1, depending on the voltage input to the
submersible pumps (Table 1). Although velocity slightly
increases toward the center of the chamber, it shows a mini-
mum in the center due to the rotating circulation. This por-
tion of the chamber, characterized by velocities under 1 cm s–1,
occupies only 0.6% of the total chamber area. Vertical profiles
of the horizontal velocity (Fig. 5) also indicate a constant pro-
file in the water column.
Regarding the vertical velocity field inside the chamber,
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Fig. 4. Distribution of the tangential velocity (cm s–1) measured at 5 cm above the bottom, comparing two outlet systems: elbows (a) and slotted tubes
(b-d). Voltage applied to the pumps: (a) 5 V, (b) 4 V, (c) 6 V, and (d) 8 V. Arrows show the direction of the flow, and their dimension reflects the hori-
zontal velocity module (cm s–1). The locations of the water outlets are the same as in Fig. 3. Space between ticks is 10 cm. 
weaker velocities were measured compared with the horizontal
velocity range (Table 1). Negative values indicate a downwards
flow and vice versa. The contour map of the vertical velocity at
5 cm above the bottom (Fig. 6a) shows that water inside the
chamber ascends from the center (positive values) and
descends mainly close to the wall, creating a circular flow. This
feature is confirmed by the vertical velocity profile from the
chamber wall to the center (Fig. 6b).
DBL thickness—DBL thicknesses inside the chamber were
estimated using the alabaster dissolution method, both
through weight loss of individual alabaster plates and through
the [Ca2+] increase in the overlying water (Santschi et al 1983;
Buchholtz-ten Brink et al. 1989). Thirteen 5 × 5 × 1 cm square
alabaster plates were pre-weighed and mounted on a neoprene
bottom at different positions inside the chamber (Fig. 3c). The
alabaster pieces were painted on the sides and bottom with
polyurethane to prevent dissolution from nonexposed sur-
faces, and were fitted into the neoprene so that they did not
protrude from it. For the experiments, a tank was filled with
fresh water and the neoprene bottom with the alabaster plates
was inserted. Immediately after, the chamber was placed on
top of it to start the experiment. Approximately 14 h was
needed for measurable weight losses in the alabaster plates.
During this period, twelve water samples were collected for
Ca2+ analysis by means of an inductively coupled plasma mass
spectrometer (ICP-MS). After each experiment, the alabaster
plates were carefully removed, air-dried, and weighed.
The DBL thickness, calculated through Ca2+ accumulation
in the overlying water, is given by the following expression:
z = DCa2+(Csat – C0)/F (1)
where DCa2+ (cm
2 s–1) is the molecular diffusion coefficient for
Ca2+ at a given temperature, Csat is the Ca
2+ concentration at
saturation (g cm–3), C0 is the initial Ca
2+ concentration (g
cm–3), and F is the dissolution flux of Ca2+ (g cm–2 s–1). DCa2+
and Csat were taken from Buchholtz-ten Brink et al. (1989).
Besides, the DBL thicknesses of individual plates were also cal-
culated from their weight loss by modifying Eq. 1 as:
z = DCa2+(Csat – C0) At/0.2328 × wt loss (2)
where A is the surface area of the alabaster plate (cm2), t is the
time exposed to dissolution (s), wt loss is the measured weight
loss from the alabaster plate (g), and the constant 0.2328 is the
relative Ca2+ weight in alabaster.
DBL thickness inside the chamber was estimated for the
two different pump outlet devices as stirring system (elbows
and slotted tubes). As expected from the velocity distribution
inside the chamber, the DBL thickness obtained for individual
alabaster plates reflected the velocity pattern, with thicker
DBL at low velocities and thinner DBL at high velocities. The
DBL thickness using the elbow outlet device (Fig. 7a) was only
measured for purposes of comparison, applying an output
voltage of 5 V to the pumps, as it had already proven to be less
appropriate (from the velocity measurements) than the slotted
tubes system to reproduce natural hydrodynamics. Thus, DBL
thickness using the elbows system was, as expected, highly
variable and showed a concentric distribution with values
increasing from 165-235 μm at the chamber wall to 820 μm at
the center. The DBL thickness distribution obtained using the
slotted tubes (Fig. 7b-7d) presented comparatively less vari-
ability throughout the chamber surface, with values decreas-
ing toward the center. Radial C, which is the one located 60°
from the pump outflow, showed in all cases a higher gradient
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Table 1. Input voltage to the stirring system (V), pump rate (L min–1), averaged tangential velocities (VT), and range of vertical 
velocities (VZ) measured at 5 cm above the bottom; averaged DBL thicknesses calculated both from individual alabaster plates (weighted
by the area represented by each plate) and from Ca2+ increase, and estimated mixing time at different pump rates and input voltages.
The last line corresponds to the experiments done using the elbow system.
Voltage Pump rate DBL individual plates DBL Ca2+ increase Mixing time 
(V) (L min–1) VT (cm s
–1) Vz (cm s
–1) (μm) (μm) (min)
4 13.9 ± 0.9 2.04 ± 0.64 –0.64–1.33 279 ± 75 333.2 < 4
5 18.4 ± 0.7 2.49 ± 0.73 –0.40–1.95 231 ± 98 229.2 < 3
6 22.9 ± 0.6 3.10 ± 0.83 –0.79–2.13 180 ± 80 — —
7 27.4 ± 0.5 3.71 ± 1.02 –1.48–2.78 139 ± 59 197.0 —
8 32.0 ± 0.4 4.77 ± 1.30 –1.08–2.73 125 ± 55 195.4 < 1.5
5 18.4 ± 0.7 1.79 ± 1.06 –0.72–0.96 309 ± 120 369.5 —
Fig. 5. Horizontal velocity profiles applying three different voltages to
the water pumps (a). Profile D2 (30 cm to the chamber center). (b) Pro-
file D5 (15 cm to the chamber center). 
than the other two, with values decreasing along this transect
from 330 μm (265 μm) near the chamber wall to 163 μm (97
μm) at the center, for output voltages of 4 V (8 V), respectively.
This results in a portion of the chamber near the wall and
between two pumps are characterized by a DBL that is about
2.5 times thicker than the DBL in the rest of the chamber, as
seen in the contour maps (Fig. 7b-7d). This portion of the
chamber represents around 20% of the total chamber area.
The average DBL thickness calculated from individual
plates, weighted according to the area represented by each
plate, and from the dissolution of Ca2+ is presented in Table 1
for each experiment. There was a good correlation between
the weighted average DBL thickness obtained from the weight
loss of individual alabaster plates and DBL thickness calcu-
lated from the rate of increase of Ca2+ concentration (R2: 0.88)
(Fig. 8a). When applying different pump rates to the stirring
system, weighted average DBL thickness inside the chamber
ranged from 278 μm to 125 μm (Fig. 8b) and a high power cor-
relation (DBL thickness = 3641 [Pump Rate]–0.97; R2: 0.98) was
obtained between these two variables. In general, averaged
DBL thicknesses estimated for the different pump rates are at
the low range of those measured in other benthic chambers
(Tengberg et al. 2004, 2005).
As expected, when comparing the tangential velocity (5 cm
above the bottom) with the averaged DBL thickness, the latter
gets thinner as the horizontal velocity inside the chamber
increases (Fig. 8c), obtaining a high power relationship (VH =
615 × [DBL]–1.02) (R2: 0.97).
Benthic flux determinations—In Fig. 9, we present, as an
example, the results of two recent benthic chamber deploy-
ments in two shallow coastal systems: Ría de Vigo (NW Spain)
and Río San Pedro creek (salt marsh area of the Bay of Cádiz,
SW Spain). The former deployment was performed at 20 m
depth, average wave height < 1 m, sediment characterized as
muddy sand containing 6%-8% of organic matter (Vilas et al.
2005) and the average depth obtained for 0.1% PAR was 16.5
± 3.2 m. The other deployment was located at a 4-m depth sta-
tion, characterized by muddy sediments with 2%-3% of
organic carbon and a porosity of 0.8 (at the top 5 cm of sedi-
ment). Measuring benthic exchanges rates of major oxidants
and nutrient or reductant species allows constraining the sto-
ichiometries of the reactions taking place in the sediments
during organic matter mineralization. The concentration evo-
lution of the variables studied in the plotted examples sug-
gested that incubation times of around 5-8 h were sufficient to
calculate benthic fluxes at these sites. In both examples dis-
solved oxygen decreases approximately 20% in around 5 h. In
the Ría de Vigo, a linear decrease in pH and in the concentra-
tion of dissolved oxygen and a consequent linear increase in
the concentration of the nutrient NH4
+, collected as discrete
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Fig. 6. (a) Contour map of the vertical velocity over the chamber surface at a height of 5 cm above the bottom. The locations of the water outlets are
the same as in Fig. 3. Positive values: ascending velocities. (b) Profiles B and D of the vertical velocity field from the wall (W) to the center (C); height in
cm. Velocity units: cm s–1. Voltage applied to the pumps: 6V. Space between ticks is 10 cm. 
samples, are well represented as a result of the benthic metab-
olism inside the chamber during the incubation. Results from
the turbidity sensor also indicate that the system is able to
maintain the initial hydrodynamic conditions throughout the
whole incubation. Similar sensor responses are found in the
creek, where discrete samples were taken to analyze dissolved
methane (CH4) and nitrous oxide (N2O), which increased lin-
early during the incubation.
Discussion
The sediment surface covered by the chamber (5030 cm2)
and the incubated water volume (140 L) make this chamber
one of the largest compared with other benthic chambers in
the literature (Berelson and Hammond 1986; Jahnke and
Christiansen 1989; Glud et al. 1995; Tengberg et al. 2004,
2005). Although this feature makes it a high energy–demand-
ing chamber due to its need for a stirring system able to
homogenize such a water volume, Glud and Blackburn (2002)
have shown that increasing the chamber radius results in a
better precision of the estimated benthic oxygen fluxes, as it
better accounts for the spatial heterogeneity in sediments with
high macrofauna abundance. Thanks to the large radius of the
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Fig. 7. Contour maps of the DBL thickness inside the chamber obtained from alabaster plate observations, comparing two outlet systems: elbows (a)
and slotted tubes (b-d). Voltage applied to the water pumps: (a) 5 V; (b) 4 V; (c) 6 V and (d) 8 V. Units are in μm. The locations of the water outlets are
the same as in Fig. 3. Space between ticks is 10 cm. 
chamber (40 cm), one single benthic flux measurement can be
considered as reliable, as it may have similar or even better
precision than 8 replicate measurements made with a 5 cm
radius chamber (Glud and Blackburn 2002).
It has been demonstrated that central stirring devices (pad-
dles, magnetic bars) on benthic chambers create a radial flow
velocity gradient with high flow velocity at the periphery and
low velocity at the center (Glud et al. 1995), which may be
enhanced in a chamber covering a high area of seafloor. In
this work, centrifugal pumps have been selected and two
water outlet systems have been compared to achieve and
maintain the most possible homogeneous velocity flow
throughout the chamber area. The stirring mechanism, con-
sisting of three centrifugal pumps with three slotted PVC
tubes as water outlet system, has succeeded in generating
quite constant hydrodynamic conditions in most of the
chamber. Water mixing within the chamber water phase is
achieved in less than 4 min, and the stirring system has been
able to prevent gradient formation in the overlying water, ful-
filling the main function of a chamber stirring system (Glud et
al. 1995), which ensures that the measurements performed
during the incubation represent an average condition of the
water inside the chamber.
The selected stirring device produces a rotary flow with
average tangential velocities (5 cm above bottom) ranging
from 2 to 5 cm s–1 depending on the voltage applied to the
pumps. These values are of the same order of magnitude as
others reported in the literature for several near-shore coastal
environments near the studied sites (e.g., Kagan et al. 2001;
Ruiz-Villarreal et al. 2002), but lower than current velocities
found in energetic coastal systems (e.g., Piedracoba et al.
2005). However, it must be taken into account that these val-
ues reported represent free-stream velocities, which exhibit a
logarithmic decrease near the seabed due to frictional effects
(Ogston et al. 2005), and therefore are expected to be lower at
5 cm above the bottom.
At high oxygen fluxes, the sediment oxygen consumption
has been found to be dependent on the water flow dynamics
above the sediment (Boynton et al. 1981; Jørgensen and Des
Marais 1990), and consequently, on the DBL thickness (e.g.,
Jørgensen and Revsbech 1985; Arega and Lee 2005). Jørgensen
and Des Marais (1990) showed that diffusion through the DBL
on a microbial mat constituted an important rate limitation on
the oxygen flux, and that DBL thickness decreased from 590 to
160 μm when the flow velocity increased from 0.3 to 7.7 cm
s–1, which raised the oxygen uptake from 56 mmol m_2 d_ 1 to
135 mmol m_2 d_ 1. On the other hand, Tengberg et al. (2004,
2005) studied the hydrodynamics inside various radically dif-
ferent benthic chambers and concluded that the chamber
design and the hydrodynamic setting did not significantly
influence the benthic fluxes of oxygen and nutrients measured
in homogenized macrofauna-free nonpermeable sediments.
However, Tengberg et al. (2004) argued that in sediments with
high oxygen uptakes (>11 mmol m–2d–1), the impedance
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Fig. 8. (a) Plot showing the relationship between average DBL thickness
estimated from weight loss of individual plates and DBL thickness esti-
mated from the Ca2+ increase inside the chamber. (b) Average DBL thick-
ness estimated from weight loss plotted versus pump rates (c) Weighted
average DBL thickness plotted versus average tangential velocity. Solid cir-
cles represent data using the slotted tubes as outlet system. Solid square
shows the only datum obtained using the elbow system. 
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Fig. 9. Two examples of the evolution of the response of the sensors (dissolved oxygen, pH, and turbidity) measured during in situ benthic chamber
incubations. (a) Incubation at the Ría de Vigo, NW Spain. Ammonium measurements are included (b). Incubation at Río San Pedro creek, Bay of Cádiz,
SW Spain. Measurements of dissolved methane and nitrous oxide are included. 
imposed by the DBL could be higher, and therefore, there
could possibly be more differences among the fluxes measured
with the different chambers. Therefore in coastal active sedi-
ments, where oxygen uptake is often very high (e.g., López et
al. 1995; Berelson et al. 1998; Forja et al. 2004; Ortega et al.
2005) and where macrofauna normally play an important role
in benthic exchange (Forja and Gómez-Parra 1998; Glud et al.
2003), the effect of overlying hydrodynamics on benthic fluxes
is probably higher. Recently, Glud et al. (2007) demonstrated
that, although DBL thickness has only a modest effect on the
annual O2 uptake, it can strongly affect benthic O2 concentra-
tion and O2 uptake in a time scale of a few hours. Hence, a
detailed characterization of the DBL thickness inside the cham-
ber seems to be crucial for estimating benthic fluxes, especially
if working in active coastal environments with high oxygen
demands and affected by wave or tide action.
Considering the good correlation (R2: 0.98) obtained
between the pump rates and the average DBL thickness, a
range from 2 to 6 V would generate mean DBL thicknesses
inside the chamber ranging from 175 μm to 645 μm. These
values are consistent with DBL thicknesses reported in situ in
coastal environments (Gundersen and Jørgensen 1991; Glud
et al. 2003), as well as with laboratory DBL thickness mea-
surements for several benthic chambers (Buchholtz-ten Brink
at al. 1989; Glud et al. 1995; Broström and Nilsson 1999; Teng-
berg et al. 2005). Therefore, voltage regulation over the cen-
trifugal pumps allows our benthic chamber to match a range
of coastal hydrodynamic conditions.
Comments and recommendations
In this manuscript, we have reported the design, develop-
ment, and testing of a novel benthic chamber for use in shal-
low coastal areas. The stirring system has been shown to be
reliable and able to reproduce a range of flow regimes as well
as DBL thicknesses. However, fluxes can be highly variable in
natural ecosystems, especially in areas where the influence of
waves and tidal currents reaches the seafloor. In those cases, a
steady flow inside the chamber may not reproduce this natu-
ral variability and associated fluxes. Additionally, even if the
flow inside the chamber is well defined, the presence of bio-
genic structures (mounds or pits) or bedforms (ripples) at the
sediment surface may significantly alter the effective DBL
thickness distribution compared to the laboratory-derived val-
ues for a flat bottom. Special care must be taken when work-
ing with sediments with any significant degree of permeabil-
ity, as the stirring of the water phase may generate artificial
pressure gradients inside the chamber, enhancing pore-water
advection and, thus, benthic fluxes (Jansen et al. 2005).
Due to the shallowness of coastal environments, benthic
primary production may be significant at some sites, even
where only small amounts of light reach the sediment surface
(Jahnke et al. 2000) and, consequently, opaque chambers are
unable to integrate net benthic metabolism and to determine
benthic photosynthetic production. Moreover, the latter may
alter heterotrophic processes by modifying the sediment redox
status (Risgaard-Petersen et al. 1994). However, the PVC cham-
ber body may be replaced with a transparent one for studying
net metabolism in sediments where light reaches the bottom.
To conclude, the equipment has power to operate
autonomously for approximately 12 h. Whether this length of
time is sufficient for accurate benthic flux measurements
depends on the magnitude of the fluxes in the study area and
the sensitivity of analytical methods employed to measure
chamber water parameters. Our initial field measurements
show typical fluxes from coastal sediments that can be
resolved within this time.
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